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Molecules capable of mimicking the function of a wide range of mechanical devices have been fabricated, with motors that can induce mechanical movement attracting particular attention 1, 2 . Such molecular motors convert light or chemical energy into directional rotary or linear motion [2] [3] [4] [5] [6] [7] [8] [9] [10] , and are usually prepared and operated in solution. But if they are to be used as nanomachines that can do useful work, it seems essential to construct systems that can function on a surface, like a recently reported linear artificial muscle 11 . Surface-mounted rotors have been realized and limited directionality in their motion predicted 12, 13 . Here we demonstrate that a light-driven molecular motor capable of repetitive unidirectional rotation 14 can be mounted on the surface of gold nanoparticles. The motor design 14 uses a chiral helical alkene with an upper half that serves as a propeller and is connected through a carbon-carbon double bond (the rotation axis) to a lower half that serves as a stator. The stator carries two thiol-functionalized 'legs', which then bind the entire motor molecule to a gold surface. NMR spectroscopy reveals that two photo-induced cis-trans isomerizations of the central double bond, each followed by a thermal helix inversion to prevent reverse rotation, induce a full and unidirectional 3608 rotation of the propeller with respect to the surface-mounted lower half of the system.
Inspired by the ATP-ase system 15 , we constructed an artificial surface-mounted motor schematically shown in Fig. 1a . The design of the motor molecule 1 is based on a second-generation 14 light-driven rotary motor 2 with a symmetric lower half bearing two methoxy substituents (Fig. 1b) . Replacing these groups by two C 8 -spacers terminated with thiols (as shown in structure 1) allowed self-assembly onto a gold surface, providing 1-Au. Gold nanoparticles are particularly appropriate for our purpose, as chromophore functionalized nanoparticles are well studied 16 and photochromism of azobenzenes 17 and electrochemical switching of rotaxanes 18 attached to such nanoparticles has been demonstrated. Two points of attachment are essential to prevent uncontrolled thermal rotation of the entire system with respect to the surface. The C 8 -spacer should diminish direct (electronic) interaction between the chromophores and the Au surface (which might influence the excited state processes) and give the separate photoactive moieties sufficient free volume to perform the anticipated rotary motion. On the basis of the dynamic processes in structurally related molecular motors 14 , 1-Au was expected to exhibit photochemical and thermal isomerization processes, as shown in Fig. 1c .
Two energetically uphill photochemical isomerization steps (steps 1 and 3 in Fig. 1 ) each followed by an energetically downhill irreversible thermal helix inversion step (steps 2 and 4 in Fig. 1 ) result in a full 3608 rotation of one half of the molecule with respect to the other. The direction of rotation is controlled by the configuration at the stereogenic centre. Crucial is a strong energetic preference for the methyl substituent to adopt a pseudo-axial orientation. Irradiation of the stable (2 0 R)-(M)-isomer of 1-Au with a pseudo-axial methyl substituent effects a cis ! trans isomerization, which inverts the helicity of the system to form the (2 0 R)-(P)-isomer. Consequently, the methyl substituent is forced to adopt an energetically disfavoured pseudo-equatorial orientation. Upon heating, this unstable isomer undergoes a helix inversion resulting in the formation of the initial (2 0 R)-(M)-isomer, after a net 1808 rotation of the upper half of the molecule in an anticlockwise fashion with respect to the lower half. This sequence is repeated in steps 3 and 4 to complete a full rotary cycle. The unidirectionality of the rotary process is ensured by the irreversibility of the thermal helix inversion steps.
Target compound 2 (4,5-dimethoxy-9-(2 0 ,3 Fig. 1b) , which serves as a precursor and a solution phase model for 1-Au, was synthesized by adapted methods used for second-generation motors 10 . The (2 0 R)-(M)-2 stereoisomer was resolved by chiral highperformance liquid chromatography (HPLC) and the absolute stereochemistry unequivocally assigned based on circular dichroism (CD) spectroscopy and X-ray analysis (see Supplementary Table 1) . Starting from (2 0 R)-(M)-2, deprotection of the methoxysubstituents and introduction of two octylthiol moieties was achieved by standard synthetic techniques. Nanoparticles (2 0 R)-(M)-1-Au were prepared by the Brust-Schiffrin method 19 and characterized by dynamic light scattering (DLS), transmission electron microscopy (TEM) ( Supplementary Fig. 11 ), and spectroscopic methods (for ultraviolet/visible (UV/Vis) and CD spectroscopy see The UV/Vis and CD spectra of (2
are characteristic of helical overcrowded alkenes (Fig. 2) . The CD spectra of 1-Au and 2 ( Fig. 2a) are nearly identical because they solely reflect the helical chirality of the diaryl alkene moieties and confirm the (M)-helicity of 1-Au and 2. The UV/Vis spectrum of 1-Au (Fig. 2b) is a superposition of the spectral bands of the motor moieties and a broad absorption of the nanoparticle, reaching far into the visible region (see Supplementary Fig. 2 ). TEM data, together with the molar quantity of olefin moieties per gram of nanoparticles (as determined by CD spectroscopy) and the known density of gold (19.3 21 . The combined photochemical and thermal processes were investigated spectroscopically in toluene solution. The presented data for 1-Au are in full agreement with those of the parent (model and control) compound 2, unless indicated. A 1.035 £ 10 25 M solution (chromophore concentration) of (2 0 R)-(M)-1-Au in toluene at room temperature was irradiated (wavelength l $ 280 nm) until a photostationary state (PSS) was reached. The approximate inversion of the CD spectrum upon irradiation (Fig. 2a) indicates the change in helicity going from Fig. 1c ). In the UV/Vis spectrum a decrease in the intensity of the high wavelength band is indicative of the formation of (2 0 R)-(P)-1-Au (Fig. 2b) . Clear isosbestic point(s) in both CD and UV/Vis spectra for the photochemical and thermal steps support clean isomerization processes (Fig. 2) . From the UV/Vis spectra of (2 0 R)-(M)-2 and (2 0 R)-(P)-2, the ideal wavelength for the formation of the unstable isomer was determined to be 365 nm. Subsequent irradiation of (2 0 R)-(M)-1-Au at this wavelength indeed resulted in a more selective isomerization with an associated increase in intensity of the CD bands (Fig. 2a) and an anticipated PSS of approximately 94:6. UV/Vis and CD data are consistent with this observation (Fig. 2) . Subsequent heating of the PSS sample of (2 0 R)-(P)-1-Au (T $ 50 8C) resulted in full conversion of unstable (2 0 R)-(P)-1-Au to stable (2 0 R)-(M)-1-Au, as a result of the thermal helix inversion (step 2 in Fig. 1c) . It was verified that rotary motion occurs while motor 1-Au remains bound to the surface; this was indicated by the presence of exclusively broad signals in the 1 H NMR spectrum (no trace of free motor in solution could be detected) after either heating the sample at 70 8C for 2 h or irradiation for 3 h at 365 nm. Subsequent KCN mediated etching of the gold core of this sample of 1-Au after 3 h irradiation at 365 nm revealed unbound unstable and stable motor in a 2.5:1 ratio.
The kinetics of this helix inversion were determined by monitoring the change in CD intensity with time at various temperatures (T ¼ 323, 333, 343, 353 K), providing the rate constant (k t ) which was used to calculate the Gibbs free energy of activation 13 C NMR. In both cases, NMR analysis was performed after detachment. Fig. 1c) , the upper rotor half of the molecule has performed a half rotation in an anticlockwise direction with respect to the lower half. Performing the same two-step process repeatedly results in continual unidirectional rotary motion. The state of the motor can be followed by CD spectroscopy, as is shown (Fig. 3) for two consecutive 3608 cycles.
To confirm that the introduction of the two legs in the lower part of the molecule does not affect the four-stage unidirectional rotary process, we studied (2 0 R)-(M)-3, which has a non-symmetrical lower part with one OCH 3 and one OCD 3 (see Fig. 1b ). These groups have negligible influence on the photochemical and thermal behaviour, and allowed the detection by NMR of all four steps in the rotary cycle (see Supplementary Information, Section 3) .
Unequivocal proof for the unidirectionality of the motor attached to gold nanoparticles was achieved with isotope labelled motor 4-Au (Fig. 4) . The only difference between 1-Au and 4-Au is that one leg in the latter compound contains a 13 C isotope at the two positions flanking the stator and the surface bound thiol. The two distinct legs created in this way allow accurate detection by 1 H and 13 C NMR of the isomers after photochemical and thermal steps on the surface, as illustrated in Fig. 4a .
The stable cis-isomer of 4 bound to the gold (cis-4-Au) was irradiated at 365 nm wavelength, and the sample split into two portions. The first portion was treated (KCN/THF/H 2 O) so as to detach the motor from the surface to provide a mixture of the transunstable-4 and cis-stable-4 (ratio 1.2:1, 1 H NMR analysis, Fig. 4b ). Subsequent thermal isomerization in toluene solution resulted in stable trans-4 and stable-cis-4 isomers (1.2:1 ratio, 13 C NMR analysis Fig. 4c) .
The second portion was heated (70 8C, 2 h) to induce thermal isomerization of the motor while still on the gold surface (unstabletrans-4-Au to stable-trans-4-Au). Subsequent cleavage (KCN/THF/ H 2 O) of the motor from the gold provided an identical mixture of stable-trans-4 and stable-cis-4. These data show that the photochemical conversion of the stable form of 4-Au to the unstable form of 4-Au ( 1 H NMR analysis) correlates perfectly with the formation of stable trans-4-Au from stable cis-4-Au ( 13 C NMR analysis). The combined results (from CD studies of optically active (2 0 R)-(M)-1-Au, and NMR studies of 13 C isotopically labelled 4-Au, with distinct legs) provide compelling evidence for the unidirectionality of the rotary process on the surface. We expect that the successful formation of fully functional surface-mounted rotors will enable investigation of the concerted action of a large ensemble of unidirectional molecular motors, and that this system might be a first step towards the construction of more elaborate and functional nanosized mechanical devices.
